The paramyxovirus nucleoproteins (NPs) encapsidate the genomic RNA into nucleocapsids, which are then incorporated into virus particles. We determined the protein-protein interaction between NP molecules and the molecular mechanism required for incorporating nucleocapsids into virions in two closely related viruses, human parainfluenza virus type 1 (hPIV1) and Sendai virus (SV). Expression of NP from cDNA resulted in in vivo nucleocapsid formation. Electron micrographs showed no significant difference in the morphological appearance of viral nucleocapsids obtained from lysates of transfected cells expressing SV or hPIVI NP cDNA. Coexpression of NP cDNAs from both viruses resulted in the formation of nucleocapsid composed of a mixture of NP molecules; thus, the NPs of both viruses contained regions that allowed the formation of mixed nucleocapsid. Mixed nucleocapsids were also detected in cells infected with SV and transfected with hPIV1 NP cDNA. However, when NP of SV was donated by infected virus and hPIV1 NP was from transfected cDNA, nucleocapsids composed of NPs solely from SV or solely from hPIVI were also detected. Although almost equal amounts of NP of the two viruses were found in the cytoplasm of cells infected with SV and transfected with hPIV1 NP cDNA, 90% of the NPs in the nucleocapsids of the progeny SV virions were from SV. Thus, nucleocapsids containing heterologous hPIV1 NPs were excluded during the assembly of progeny SV virions. Coexpression of hPIV1 NP and hPIV1 matrix protein (M) in SV-infected cells increased the uptake of nucleocapsids containing hPIV1 NP; thus, M appears to be responsible for the specific incorporation of the nucleocapsid into virions. Using SV-hPIV1 chimera NP cDNAs, we found that the C-terminal domain of the NP protein (amino acids 420 to 466) is responsible for the interaction with M.
Parainfluenza viruses, members of the Respirovirus genus of the Paramyxovidae family, consist of a lipid envelope enclosing a helical nucleocapsid that contains the nonsegmented single negative-stranded RNA genome. This genome is approximately 15,500 nucleotides in length and encodes at least seven structural proteins: the nucleocapsid (NP), phospho-(P/C), large (L) polymerase, matrix (M), hemagglutinin-neuraminidase (HN), and fusion (F) proteins (6) . The viral genome is tightly associated with NP to form an RNase-resistant helical nucleocapsid (11) . The nucleocapsid is the template for transcription and replication of the genome (16) . When paramyxovirus NPs are expressed from cDNAs, they alone form the nucleocapsid-like structures, without other viral proteins or RNA (4, 12, 13, 26) . Studies using deletion mutants and protease-cleaved NPs suggest that the domains required for NP-NP and NP-RNA interactions reside in the 410 N-terminal amino acids of NP (4, 8, 20) .
Although some aspects of the paramyxovirus assembly are now understood, the precise molecular interactions by which the virus particle is assembled at the plasma membrane remain unknown. The working model for the assembly of the virus consists of two main events. The first is the association of NP-P complex with the nascent genomic RNA to form the helical nucleocapsid and the association of the P-L polymerase complex (16) . The second is the association of the nucleocapsids and the viral envelope proteins (M, HN, and F) at the plasma membrane; this association leads to the budding and release of virus particles from the cell surface (16, 24) . M is postulated to be the central organizer of virus assembly, interacting with the viral nucleocapsids and the viral envelope to facilitate the budding process. However, the molecular interactions responsible for assembly of the virus particles are still far from clear.
To better understand the interaction of the nucleocapsids with the viral envelope proteins, we used Sendai virus (SV) and human parainfluenza virus type 1 (hPIV1), two highly related parainfluenza viruses (NP homology, 83%), to study the assembly of nucleocapsids in the cytosol and their subsequent incorporation into virus particles. We found that in parainfluenza virus assembly, the specificity for incorporation of nucleocapsids into virus particles is determined by the interaction(s) of M with the carboxy-terminal domain of NP.
MATERIALS AND METHODS

Cells and viruses.
We cultured 293T cells (10) in Dulbecco's modified Eagle's medium with 10% fetal calf serum. SV was propagated in 10-day-old hen eggs. The hPIV1 (strain C 35) was propagated in LLC-MK 2 cells in minimum essential medium in the presence of trypsin (1 g/ml) and 0.15% bovine serum albumin. cDNA clones. The NP genes of both SV and hPIV1 were cloned from viral RNAs by using the Titan reverse transcription-PCR system (Boehringer Mannheim). The primers were specific for noncoding regions of the genes. The cDNAs were cloned into pCAGGS (21) , and the plasmids containing the hPIV1 and SV NP genes were designated pCAGGS-hNP and pCAGGS-SVNP, respectively. The hPIV1 M (23) and F (2) genes in pTF1 were subcloned into the transient expression vector pCAGGS. The hPIV1 HN in the pCAGGS vector has been described elsewhere (27) . The cDNAs containing the hPIV1 M and F genes were designated pCAGGS-hM and pCAGGS-hF, respectively. We constructed cDNAs containing chimeric SV/hPIV1 NP genes by using PCR for gene splicing by overlap extension (14) . The chimeric NP genes were sequenced by the dideoxy-chain termination method using Sequenase version 2.0 (Amersham Pharmacia Biotech).
Expression of NP from cDNAs and immunoprecipitation. We transfected 293T cells in six-well culture plates with 2 g of cDNAs by using LipofectAmine (Life Technologies). Twenty-four hours after transfection, cells were labeled with 100 Ci of Tran 35 S-label (ICN) for 24 h at 33°C. Labeled cells were washed and lysed with 1 ml of TNE buffer (10 mM Tris [pH 7.4], 150 mM NaCl, 0.5% NP-40, 1 mM EDTA). The lysates were clarified by centrifugation at 15,000 ϫ g for 10 min. Intracellular nucleocapsids were purified by overlaying 100 l of cell lysates on 3 ml of a density step gradient consisting of 1.5 ml of 50% glycerol-D 2 O (1.18 g/ml) over 1.5 ml of sucrose-D 2 O (1.36 g/ml) as described previously (9) . Gradients were centrifuged at 190,000 ϫ g for 18 h at 12°C. Nucleocapsids were removed from the interface by suction (100 l) and used for immunoprecipitation. Ascitic fluid containing anti-hPIV1 or SV NP monoclonal antibodies (MAbs) was incubated with 50 l of a 20% suspension of protein A-Sepharose (Pharmacia Biotech) in radioimmunoprecipitation assay buffer (2) with 0.1% bovine serum albumin at 4°C for 30 min and then washed with the same buffer. The MAb-protein A complexes were incubated with purified nucleocapsid in radioimmunoprecipitation assay buffer at 4°C for 30 min. The immunocomplexes were washed with the same buffer and analyzed by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE). NP content in the gel was quantified by using a PhosphorImager (Molecular Dynamics).
Virus infection and transfection of cDNAs. We infected 293T cells in six-well culture plates with SV at a multiplicity of infection of 10 for 1 h at room temperature and transfected them with a total of 2 g of cDNAs by using LipofectAmine (Life Technologies). Twenty-four hours after transfection, cells were labeled with 100 Ci of Tran 35 S-label (ICN) for 24 h at 33°C. Progeny virions released into the culture medium were purified by ultracentrifugation at 190,000 ϫ g for 3 h at 4°C through 2 ml of 50% glycerol in phosphate-buffered saline. Radiolabeled purified viruses were resuspended in Laemmli reducing sample buffer and analyzed by SDS-PAGE. NP content in the gel was quantified by using a PhosphorImager (Molecular Dynamics).
Electron microscopy. Nucleocapsids in virus-infected or cDNA-transfected cells were prepared as described previously (22) . Briefly, 293T cells infected with SV or hPIV1 or transfected with NP cDNAs were suspended in hypotonic buffer (0.01 M Tris-Cl [pH 7.4], 0.1 M KCl, 1.5 mM MgCl 2 ), lysed with a Dounce homogenizer, and centrifuged at 1,000 ϫ g for 5 min at 4°C. The supernatants containing the nucleocapsids were brought to a concentration of 0.3 M NaCl and then used for electron microscopy. The cell lysates were adsorbed to carboncoated grids, negatively stained with 1% aqueous uranyl acetate, and examined in a Philips 301 electron microscope operated at 60 kV.
RESULTS
Formation of nucleocapsid-like structures by NP expressed from cDNAs.
Previous studies have shown that paramyxovirus NP, when expressed in cells, forms nucleocapsid-like structures in the absence of other viral components (4, 12, 13, 26) . We confirmed these results as a first step in determining the NP-NP interaction required to form nucleocapsid structures. We transfected 293T cells with NP genes from SV and hPIV1, alone or together, in transient expression vectors and examined the cell lysates for the presence of the nucleocapsid-like structures by electron microscopy. The expression of SV NP in cells transfected with pCAGGS-SVNP resulted in the production of nucleocapsid-like structures with an overall morphology similar to that of SV nucleocapsid observed in SV-infected cells ( Fig. 1A and B) as reported elsewhere (4) . Likewise, transient expression of hPIV1 NP also resulted in the production of nucleocapsid-like structures similar to those observed in hPIV1-infected cells ( Fig. 1C and D) . These results confirmed that both hPIV1 and SV NPs form nucleocapsid-like structures in the absence of other viral proteins or viral genome RNA and thus set the stage for the following experiments.
Formation of mixed nucleocapsids by SV and hPIV1 NPs. Because both SV and hPIV1 NPs formed nucleocapsid-like structures, we coexpressed them in cells and determined whether these NPs, which shared 83% homology, formed mixed nucleocapsids in cells. The origin of the NP in the mixed nucleocapsid can be easily and consistently identified by the difference of migration in protein gel; SV NP migrates slower than hPIV1 NP ( Fig. 2A, lanes 1 and 6) . Formation of mixed nucleocapsids was determined by immunoprecipitation using MAbs specific for either SV or hPIV1 NP. MAb WS16 (specific for SV NP) did not react with hPIV1 NP (lanes 2 and 3), and MAb P35 (specific to hPIV1 NP) did not react with SV NP (lanes 4 and 5). When MAb P35 was used, the immunoprecipitated NP protein band was detected at a position slightly lower than that of virus NP on the gel (lanes 5 and 6). This lower position resulted from the presence of the heavy chain of MAb P35, which migrated at the same position with the NP (data not shown).
When SV-specific MAb WS16 was used for the immunoprecipitation of NPs from cells transfected with both SV and hPIV1 NP cDNAs, both SV and hPIV1 NPs were detected (Fig. 2B, lane 4) , which suggests the formation of nucleocapsid composed of both SV and hPIV1 NP molecules. The same results were obtained when MAb P35 (specific for hPIV1 NP) was used for immunoprecipitation (lane 8). These results show that a domain on NP that is required for NP-NP interaction and nucleocapsid-like structure formation is conserved in SV and hPIV1 NPs.
To determine the population of nucleocapsid-like structures formed by NPs from hPIV1 and SV, we repeated the immunoprecipitation using specific Mabs. First, the labeled NPs in lysates of cells transfected with both hPIV1 and SV NP cDNAs were immunoprecipitated with a MAb specific for SV NP. The remaining supernatant was repeatedly subjected to immunoprecipitation with the same MAb. After three serial immunoprecipitations, the NPs in the remaining supernatant were immunoprecipitated with the cocktail of MAbs that react with both SV and hPIV1 NPs. As Fig. 2B shows, the material after the first immunoprecipitation contained almost all of the NPs (lane 4). Three serial immunoprecipitations with the SV-specific MAb completely immunoprecipitated the nucleocapsids containing SV NP (lane 6). The fourth immunoprecipitation, using a cocktail of SV and hPIV1 NP-specific MAbs, did not precipitate any NPs; this finding shows that few, if any, nucleocapsids were composed of only hPIV1 NP (lane 7). The same results were obtained by using a MAb specific for hPIV1 NP (lanes 8 to 11). These results indicate that nucleocapsids in the cells transfected with SV and hPIV1 NP cDNAs were mixed nucleocapsids and that no nucleocapsids composed of only homologous SV or hPIV1 were produced (i.e., no other viral proteins or RNAs were present) under these conditions.
Formation of mixed nucleocapsids in cells infected with SV and transfected with hPIV1 NP cDNA. To determine whether the presence of other viral proteins and RNAs alters the NP content of nucleocapsids, we transfected hPIV1 NP cDNA into SV-infected cells and determined the formation of nucleocapsids composed of homologous or mixed NPs. A cocktail of cross-reactive MAbs (P27/M52) immunoprecipitated both SV and hPIV1 NPs in almost equal numbers (Fig. 2C, lane 2) ; this finding shows that under these conditions almost the same amounts of NPs were produced and formed nucleocapsids. However, when MAb specific for SV NP was used, the immu- Specific incorporation of nucleocapsids into progeny SV. We next determined the protein interactions required for nucleocapsid incorporation into progeny virions. In cells infected with SV and transfected with hPIV1 NP cDNA, almost equal amounts of NPs from both viruses were produced as described above. However, progeny SV purified from culture supernatant contained primarily homologous SV NPs (90% SV NP and 10% hPIV1 NP) (Fig. 3, lane 2) ; this finding indicates that most of the nucleocapsids containing hPIV1 NP were not incorporated into progeny SV virions. This result suggests the presence of a selective mechanism of nucleocapsid incorporation into virions and that the incorporation of nucleocapsids into virus particles requires specific NP domains that are not conserved between SV and hPIV1.
M protein selects nucleocapsids for incorporation into virus particles. To identify which viral structural protein(s) is responsible for this specific incorporation of nucleocapsid, we transfected hPIV1 M, HN, or F cDNA together with hPIV1 NP cDNA into SV-infected cells and determined whether hPIV1 NP incorporation into progeny SV virions was increased by the coexpressed hPIV1 proteins. Coexpression of HN or F did not significantly increase the incorporation of hPIV1 NP into SV (Fig. 3, lanes 4 and 5) . However, expression of hPIV1 M resulted in a nearly 3.5-fold increase of hPIV1 NP uptake into SV (lane 3). Neither coexpression of hPIV1 HN and M nor coexpression of hPIV1 F and M further increased the incorporation of hPIV1 NP into SV (lanes 6 and 7), which suggests that M, but not HN or F, plays an important role in selective nucleocapsid incorporation into SV. SV produced from cells expressing hPIV1 M included particles with a mixture of SVM and hPIV1 M (Fig. 3, lanes 3, 6, and 7) . Incorporation of hPIV1 M into SV did not affect the incorporation of HN or F (Fig 3, lanes 2 and 3) . These results suggest that a domain responsible for M-M interaction is conserved between SVM and hPIV1 M and allows the incorporation of hPIV1 M into SV, which facilitates the uptake of hPIV1 NP-containing nucleocapsid into SV.
The region on NP responsible for the specific incorporation into SV. Because SV NP, but not hPIV1 NP, was specifically incorporated into progeny SV, we next used SV/hPIV1 chimeric NPs to determine the region on NP responsible for the specificity. SV and hPIV1 NPs are highly (84%) homologous, and the amino-terminal 420 amino acids are especially well conserved (93% identity). In contrast, the carboxy-terminal region (amino acids 421 to 524) is less conserved (48% iden- tity) between the two virus NPs. We made two chimeric NP cDNAs. Chimera 1 NP contains the amino-terminal 420 amino acids from SV NP and residues 421 through 524 from hPIV1 NP; chimera 2 NP contains residues 1 through 420 and 467 through 524 from SV and residues 421 through 466 from hPIV1. These chimeric NPs were expressed from the cDNAs at similar levels, as determined by immunoprecipitation (Fig.  4A ), and they migrated in an SDS-polyacrylamide gel to a location between those of SV and hPIV1 NPs. Electron microscopy showed that when expressed in cells, these chimeric NPs formed nucleocapsid-like structures (chimera 1 [ Fig. 1F ] similar to those of SV or hPIV1 nucleocapsids (Fig. 1A and C) . The coexpression of SV NP and chimera 1 proteins generated mixed nucleocapsids (Fig. 1G ) that also looked like viral nucleocapsids.
We expressed these chimeric NPs in SV-infected cells and determined whether they were incorporated into SV. Little (3%) of chimeras 1 and 2 was incorporated into SV particles (Fig. 4B, lanes 3 and 4, respectively) . However, when chimera 2 NP was coexpressed with hPIV1 M in SV-infected cells, the uptake of chimera 2 NP into SV was increased from 3% to 40% (Fig. 4B, lane 7) . Similar results were obtained with chimera 1 NP (lane 6, uptake increased from 3% to 35%). These results suggest that the region with residues 421 through 466 is responsible for the specific interaction with hPIV1 M and the incorporation of nucleocapsids into progeny virions.
DISCUSSION
Two steps essential to the production of progeny virion are the formation of the viral nucleocapsid and its incorporation into the virion assembled at the plasma membrane of infected cells. The NP encapsidates viral RNA to form a helical nucleocapsid. The encapsidation renders the RNA inaccessible to RNases and allows it to serve as a template for the viral polymerase complex. It has been reported that the NPs from SV, measles virus, and Newcastle disease virus self-assemble to form nucleocapsid-like structures when expressed by a vaccinia virus-T7 expression system or by recombinant baculovirus (4, 12, 13, 26) . These nucleocapsid-like structures that are formed in NP-expressing cells contain nonspecific RNAs (4, 12, 25) . In the present study, results of electron microscopy showed that the hPIV1 NP expressed alone from cDNA is also assembled into a nucleocapsid-like structure that is similar to the viral nucleocapsid. SV NP has been shown to be composed of two domains. The amino-terminal region (domain I) encapsidates the RNA and forms the helical nucleocapsid structure, whereas the carboxy-terminal region (domain II) includes the sites that bind P protein (3) . Deletion analysis of SV NP re- 7) . Labeled progeny SV in the culture supernatants, was purified and analyzed by SDS-PAGE. The amounts of SV and hPIV1 NP were quantitated by a PhosphorImager. The arrow indicates the proteolytically digested NP fragment expressed from cDNA, which was also incorporated into SV. w/o hM and w hM, without and with hPIV1 M, respectively.
vealed that the domain responsible for the NP-NP interaction to form nucleocapsids is located in the N-terminal 399 amino acids (1, 4, 8, 20) . As we showed in this study, SV and hPIV1 NPs expressed together from cDNAs form only mixed nucleocapsids; this finding suggests that the domains required for NP-NP interaction, and thus nucleocapsid formation, are conserved in the NPs from both viruses. The region proposed to be responsible for NP-NP interaction is well conserved (93% identity in residues 1 to 399). Interestingly, in the cells coexpressing SV and hPIV1 NPs without viral RNA or other viral proteins, no nucleocapsids composed of only SV or hPIV1 NPs were detected. However, in cells infected with SV and transfected with hPIV1 NP cDNA, pure nucleocapsids composed of only SV NP or hPIV1 NP were detected with a ratio of 50% mixed nucleocapsids, 25% homologous SV, and 25% homologous hPIV1 nucleocapsids. This finding is noteworthy because it suggests that SV RNA or other SV proteins play a role in the formation of nucleocapsids composed of homologous NPs. Along these lines, previous study using an in vitro replication system, the NP-P complex was suggested to serve as a substrate for specific encapsidation of nascent viral genomic RNA (13a). Similarly, P might play a role in the formation of nucleocapsid composed of the homologous NP that we observed in SV-infected cells. Another possibility is that the specificity for forming homologous nucleocapsid may come from specific sequence in the viral RNA. Although the interaction between viral RNA and NP is not clearly understood, it is well known that viral RNAs contain specific sequences that are required for replication of the genome (18, 19, 28) . The leader and trailer regions of the paramyxovirus genome contain the primary viral promoter for genome replication (6) , and these regions are well conserved among viruses of the same genera. Further, efficient replication of genome RNAs requires that their total length be a multiple of 6 (5, 15). The production of homologous nucleocapsids in virus-infected cells could be due to a specific NP-RNA interaction that resides only in the viral RNA. By binding to SV RNA, SV or hPIV1 NP might recognize the difference between the SV and hPIV1 NPs and associate only with homologous NP to form nucleocapsids. On the other hand, NPs that bind to cellular RNAs might not be able to differentiate between SV and hPIV1 NPs and thus, could form mixed nucleocapsids.
In our study, SV nucleocapsids that included hPIV1 NPs were largely excluded from progeny virions. This result suggests that the incorporation of nucleocapsids into progeny virions is highly selective. Our results indicate that specific interaction between M and the carboxy-terminal region of NP is responsible for the selection. Interaction between NP and M has been detected in SV-infected cells by cross-linking experiments (17) . The carboxy-terminal region (domain II) of NP was previously reported to include the P binding site. Complex formation with P was abolished in the deletion mutants that lacked amino acids 426 through 497 or 456 through 524. This finding suggests that these regions are exposed at the surface of the nucleocapsid to bind P (3). Together with our finding that amino acids 421 through 466 are responsible for the specific binding to M, the carboxy-terminal domain II includes the regions of NP that interact with both P and M.
Although cells infected with SV and transfected with hPIV1 NP cDNA produced similar amounts of NPs, most of the nucleocapsids containing hPIV1 NP were not incorporated into progeny SV. Results were the same for cells infected with hPIV1 and transfected with SV NP cDNA (data not shown). This specificity was detected only in the virus-infected cells. We previously reported that expression of SV M alone from cDNA resulted in the formation and release of the virus-like particles into culture media. When coexpressed with SV NP cDNA, the nucleocapsid-like structure in the cytoplasm was incorporated into virus-like particles formed by M (7). To determine the specificity of incorporation of heterologous nucleocapsid-like structure in the absence of other SV proteins, we coexpressed SV M and hPIV1 NP in cells. The virus-like particles released into the media contained the nucleocapsid-like structure composed of hPIV1 NP (data not shown). This result indicates that other proteins, possibly HN and F, may affect the incorporation of specific nucleocapsid composed of homologous NP.
In conclusion, we showed that SV and hPIV1 NPs expressed from cDNAs form mixed nucleocapsid-like structures. In SVinfected and hPIV1 NP cDNA-transfected cells, nucleocapsids composed of homologous (SV or hPIV1) NPs were detected, indicating that viral RNA and/or other viral proteins are involved in the formation of homologous nucleocapsid. We also showed that nucleocapsids containing heterologous NP were excluded from the progeny virions, whereas homologous nucleocapsids were incorporated into progeny virion by a mechanism that involves a specific interaction between NP and M of the same virus.
